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Many mobile devices with different types of 

content stored locally 

Mobile opportunistic networks 
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Carried by users 

Mobile opportunistic networks 
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Mobile opportunistic networks 

Short range radio, e.g., Bluetooth, Wifi Direct 
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Opportunistic communication 
store-carry-forward 
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Hop limitations are applied to keep 
routing scalable and resource-efficient. 
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Hop-Limited Routing  
 

Hop=1 Hop=2 

A message can be forwarded to  
at most h hops 

Hop=h 
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Message created 
hop=0 

Destination 

Hop = 0 
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Message 
received by 
direct neighbors 

Hop = 1 
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destination 
reached 

Hop = 2 
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Hop = 3 

Other nodes may not be aware of the 
delivery of the message to the destination. 
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Waste of resources 

Hop = 10 



MWN-I04: Wireless Relay Networks   
Bayhan et al., IEEE ICC 2015 

Analysis of Hop Limit in Opportunistic Networks by  
Static and Time-Aggregated Graphs 

How does hop limit affect 
opportunistic routing? 

average time to send a packet 1

2

3

fraction of nodes reachable 

delivery ratio 
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analysis approaches 

Static graph 

Simulations 

Time-aggregated 
graphs 

http://www.lettercult.com/archives/3196 
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Human contact trace 
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Network topology generation 
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Approach 1: Aggregate all 
contacts in the trace, and create a 
static graph to represent network 
topology à Static graph 
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Approach 2: Instead of one 
single graph, observe the 
network in several time points, 
and create the network 
topology  à Time-aggregated 
graph 
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Static vs. Time-Aggregated graphs 
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Static vs. Time-Aggregated graphs 
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Static vs. Time-Aggregated graphs 
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Time-aggregation results in 
loss of temporal dynamics 
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the capacity 

How much 
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GUÉRIN AND ORDA: COMPUTING SHORTEST PATHS FOR ANY NUMBER OF HOPS 615

minimum weight, among paths between and with hop count
of at most . We are now ready to define the AHOP problem.
All Hops Optimal Path (AHOP) Problem: For a given source

node and maximal hop count , , find, for each
hop count value , , and destination node , an
-hop constrained optimal path between and .
The distinction between additive and bottleneck weights

gives rise to two classes of the AHOP problem, namely, Addi-
tive AHOP (Add-AHOP) and Bottleneck AHOP (Bot-AHOP).
A straightforward solution to both Add-AHOP and Bot-AHOP,
of complexity , is offered by the BF shortest path
algorithm [3]. It is a property of the BF algorithm that, at its th
iteration, it identifies the optimal path between a given source
and each destination, among paths of at most hops. In the
worst case, the complexity of this solution is .

III. LOWER BOUND FOR ADDITIVE WEIGHTS

In this section, we show that is a (tight) lower bound
on the complexity of any solution to the Add-AHOP problem
that belongs to a class of comparison-based algorithms.
We begin by quoting, from [11], the presentation of the class

of comparison-based algorithms to which our result applies.
Definition: A path-comparison-based shortest-path algo-

rithm accepts as input a graph and a weight function. The
algorithm can perform all standard operations. However,
the only way it can access the edge weights is to compare the
weights of two different paths.
We can think of a path-comparison-based algorithm as being

given only the graph and a black-box path-weight comparator.
The path weights can be accessed only through the black
box. The algorithm must output a reasonable encoding of the
shortest paths in the graph. We require that the output has no
information about path weights. For example, the weighted
graph itself is not a reasonable encoding of the solution.
Most commonly used shortest-path algorithms, in particular
Dijkstra’s and Bellman–Ford’s, fit into this class; this is the
case also with many other algorithms, e.g., [12], [13]. However,
some algorithms are not path-comparison-based, e.g., [14], as
it adds weights of edges that do not form a single path. The
latter belongs to a class of “algebraic” algorithms that consider
shortest paths from the perspective of matrix multiplication.
We note that, to the best of our knowledge, such algorithms
have not been deployed in communication networks.
In [11], it is established that is a lower bound on the

complexity of a path-comparison-based solution to the all-pairs
shortest path problem. Specifically, it is shown there that there
exists a directed graph of nodes on which any path-com-
parison-based algorithm for that problem must perform at least

path weight comparisons. We shall establish our proof by
employing a similar idea. To that end, we begin by presenting
the following construction, depicted in Fig. 1. The constructed
graph is a directed graph with nodes and paths. The
idea is to show that, if a path-comparison-based algorithm (for
the Add-AHOP problem) fails to examine one of these paths,
then the link weights can be modified to make that path “op-
timal” (i.e., part of the required solution) without being able

Fig. 1. Graph used for lower bound.

to detect the change. We proceed to describe the details of the
construction.
The graph is composed of a “core” (depicted by full-line

edges) and a “prefix” (depicted by dashed-line edges). The core
of is a directed tripartite graph on vertices , , and ,
where range from 0 to . The edge set is

. The prefix is composed of a source and nodes
, . For , is connected to

each core node through a path ;
in addition, there is a (direct) edge . Note that is
connected to each through a path of hops. We proceed
to define the edge weights. For a base , define (for any positive
integer )

where denotes to the power of . Then, the weights of core
edges are defined to be

(1)

Note that negative digits are allowed to appear in the numbers
[i.e., note the “ ” in (1)]. The standard positive-digit represen-
tation of these numbers would require that a carry be taken from
the next number to the left; as in [11], this does not affect the
correctness of the upcoming proof. The weights of prefix edges,
i.e., on a path between and a node , are simply 0. We note
that all the above weights comply with our model assumptions.
A path weight is defined as the sum of weights of its edges, i.e.,
we assume additive weights. We use the above construction in
order to establish the following lower bound for the Add-AHOP
problem.
Theorem 1: There exists a directed graph of nodes and

some , for which any path-comparison-based solution
for the Add-AHOP problem, with maximum hop-count value
, must perform comparisons.
Proof: By contradiction, assume that there is such a solu-

tion, of lower complexity.
Consider an instance of the Add-AHOP problem on the graph

depicted in Fig. 1, where the source node is and . A
solution to Add-AHOP would need to find, in particular, paths
to each of the nodes .

AHOP   
All Hops Optimal Paths  
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Q1: Average time to send a packet 

 

 

Q2: Fraction of nodes reachable 

 

 

Q3: Delivery ratio 

 

 

AHOP  
for capacity analysis 

s

d

w1 
w2 

w3 

6

4

3

5

2

s

7

1

d

s w1 
w2 

w3 Path length 

Size of the connected component 

Probability of the existence of a path  



MWN-I04: Wireless Relay Networks   
Bayhan et al., IEEE ICC 2015 

Analysis of Hop Limit in Opportunistic Networks by  
Static and Time-Aggregated Graphs 

o  Optimal path p* from A to D is the path with minimum w(p) 
among all paths from A to D. 

o  Hop-limited optimal path p* is ph* where length(ph*) <= h 

o  Given the edge weights, what is the weight of p, w(p)? 

 

 

AHOP analysis 

A B C D
w(A,B) w(B,C) w(C,D) 

p:  A à B à C à D 
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Edge weights 

o  w(p) = w(A,B) + w(B,C) + w(C,D) à Additive weights 
o  w(p) = max{w(A,B), w(B,C), w(C,D)} à Bottleneck weights 

Additive weight: Path weight = routing delay 
¤ weight of an edge: inter-contact time between the 

corresponding nodes 
 
Bottleneck weight (capacity):  A routing scheme should 
choose the paths that will highly probably exist à most 
probable paths.  
¤ weight of an edge:  the inverse of the number of 

encounters between the corresponding nodes 
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Human contact trace 
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of the hop count. However, the formers are also useful for
estimating the performance if they provide similar conclusions.

The main contributions of our paper are to answer the
following questions for the studied human contact networks
by using AHOP algorithm and comparing them with the
simulations:

• Q1: How is the average time to send a packet from one
arbitrary node to another arbitrary node affected by hop
restriction h?

• Q2: How is the fraction of nodes reachable from one
arbitrary node to another arbitrary node affected by h?

• Q3: How is the delivery ratio from one arbitrary node to
another arbitrary node affected by h?

II. SYSTEM MODEL

We consider a network of n mobile nodes. A contact starts
when two nodes come in transmission range of each other,
and ends when they cannot maintain a connection. Nodes can
exchange messages only during contact time.

In a hop-limited routing scheme, each message has a hop
count field that shows the number of routers this message has
followed. When a message is forwarded from one node to
another, the hop count of this message is incremented by 1 at
the receiving node. If the hop limitation is h, the message can
only be forwarded h hops.

We use the following human contact traces in our analysis
Infocom05 [11], Cambridge and Infocom06 (collected by
Haggle project [12] and downloaded from [13]), whose basic
properties are listed in Table I.

TABLE I
HUMAN CONTACT TRACES USED IN THE ANALYSIS.

Trace Duration # of devices (n) Context
Infocom05 ⇡3 days 41 Conference participants
Cambridge ⇡11 days 36 1st and 2nd year undergrad-

uate students
Infocom06 ⇡4 days 78 (and 20 stationary

devices)
Conference participants

III. ALL HOPS OPTIMAL PATHS (AHOP)
One common practise in exploring the network capacity is

to analyze the network topology. In opportunistic networks, the
topology changes frequently. However, human contact traces
that are collected for a long duration can reflect the stationary
contact probabilities which then can be used for constructing
the expected network topology. Given the network’s stationary
meeting characteristics, we can model the encounter events as
a graph G = (V, E) where vertex set V is the set of nodes and
edge set E is the set of all possible pairwise contacts among
nodes. In this graph, there are n = |V| vertices and maximum
|E| = O(n2

) edges for which we assign weights (w) based
on the contact characteristics of the two connecting vertices.
Given a source node s, our aim is to find the shortest (e.g.,
fastest) path to a destination d that has at most k hops for each
k, 1  k  h. In the most general form, this problem is known
as all hops optimal path problem (AHOP) [14]. Fig. 1(a) shows
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F JA

(a) Static graph.
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(b) Paths from A to L. No path
exists for h = 1.

Fig. 1. (a) Static graph derived from the encounters in the contact trace, (b)
paths from A to L in h = {1, 2, 3, 4} hops.

an example connectivity graph. An edge in this graph indicates
that the two nodes has met at least once. Fig. 1(b) depicts some
of the paths from A to L (the leaf nodes). Number near each
leaf shows the hop count of the path. The optimal path among
all these paths depends on the edge weights.

Let p be a path from s to d consisting of vertices hs =

n0, n1, · · · , d = nki in the given order, and let w(ni, nj) be
the weight of the edge between ni and nj . Denote by w(p)
the weight of a path p and define it as a function of weights
of edges along this path:

w(p) = f(w(n0, n1), w(n1, n2), . . . , w(nk�1, nk))

where k 6 h and ni 2 V for all i. If f is additive, the weights
are said to be additive weights; if f is maximum/minimum,
the weights are bottleneck weights [14]–[16]. Both metrics are
of our interest as they reflect different performance require-
ments in networks; bottleneck weight matches the minimum
bandwidth requirements needed for a service whereas additive
weight is more appropriate to measure the total delay of a path.
As for opportunistic forwarding, we consider both weights:

(i) additive weight: expected time to reach a target node
is the total expected inter-contact time of the selected path.
Hence, we compute the total delay between s and d as the
additive weight of the path p:

w(p) =
X

(ni,nj)2p

w(ni, nj).

(ii) bottleneck weight: as encounters are probabilistic, we
aim to select the edges that will appear with high probability.
In a sense, given the number of encounters among nodes, a
routing scheme tries to decrease the risk of relying on less
probable encounters by selecting the most probable paths. An
additive weight may not properly choose the most probable
paths if only the total delay is considered. Therefore, we
define the weight of an edge as the inverse of the number of
encounters between the corresponding nodes. Then, the weight
of p is the maximum weight of the edges along this path:

w(p) = max

(ni,nj)2p
w(ni, nj).

Let l(p) denote the length of the path, i.e., the number of
edges. Then, we define an h-hop constrained optimal shortest

http://crawdad.cs.dartmouth.edu/ 
Community Resource for Archiving Wireless Data At Dartmouth 
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Static analysis: optimal hop   
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Static analysis: optimal hop   
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Revisiting our research 
questions 

average time to send a packet 1

2

3

fraction of nodes reachable 

delivery ratio 

o  Nodes can be reached faster by relaxing hop count 
o  Improvement vanishes after several hops 
o  Optimal hop counts (total path delay): 2-3 hops 

The first two hops are sufficient to reach every node from 
every other node.  

increases significantly if at least two hops are allowed, and 
stabilizes after h approx. 4. 
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Time-aggregated graphs 
 

Medium: 6 h Long: 24 h 

Three aggregation windows 
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Time-aggregated graphs 
Optimal hop count over time 

0 10 20 30 40 50 60 70

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

Snapshot index

O
pt

im
al

 h
op

 c
ou

nt
 (b

ot
tle

ne
ck

) Time−aggregated, h=3
Time−aggregated, h=8
Static, h=3
Static, h=8

Infocom05, short  



MWN-I04: Wireless Relay Networks   
Bayhan et al., IEEE ICC 2015 

Analysis of Hop Limit in Opportunistic Networks by  
Static and Time-Aggregated Graphs 

Dependency on the time 
of the day 

Lower than static optimal 
hop count 

Time-aggregated graphs 
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Larger time-window, higher 
reached fraction 

Acc. to static analysis, 2 
hops are enough to reach 
all. But lower connectivity 
for others. 

Trend is the same (h=2 
achieves most of the gains 
of multi-hop routing). 
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¤ Highest increase from h=1 to h=2  

¤ After h=4, vanishingly small gain 

Network snapshots 
Hop count vs. capacity 
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¤ Highest increase from h=1 to h=2  

¤ After h=4, vanishingly small gain 
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Simulations 
Delivery delay and path lengths 
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¤  Capacity of the 
studied human 
contact networks 
increases significantly 
with h>=2 

¤  Improvement 
vanishes after h=4 

 

Summary 

Effect of 
hop count 

Effect of 
analysis approach 
¤  Static graph approach 

overestimates 
connectivity and 
performance 

¤  Time window of the 
aggregation should be 
paid attention to 
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http://www.netlab.tkk.fi/tutkimus/pdp/ 

Thank you	



bayhan@hiit.fi 

esa@netlab.tkk.fi 

jakangas@helsinki.fi 

jo@netlab.tkk.fi 
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nodes Hop limit 
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